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ABSTRACT: Silica fume is now an indispensable material for mixing high-strength because of its ultra 
fineness and the ability to fill into the interstitial void between cement and other fine powders. As such, 
concrete containing silica fume has better micro structural packing and hence lower porosity, which is 
very effective on demoting the formation and propagation of splitting cracks under compression. This 
suggests that concrete containing silica fume can delay the initiation of splitting crack and its develop-
ment at post-cracking stage. In confined concrete column, it then infers that the same lateral strain and 
confining stress can be achieved at larger axial strain, which increases the ductility and deformability of 
the column.
stiffness. On the other hand, the more closely 
packed solid particles can provide stronger physical 
barrier to interrupt the path of crack propagation 
in concrete. The reduced void can also decrease the 
crack width of concrete. In application to confined 
concrete columns, all of these will mean that the 
formation of splitting cracks in concrete can be 
effectively postponed and that the development of 
lateral strain at the post-crack inelastic stage can 
be significantly retarded. Given a form of con-
fining material such as hollow steel tube or FRP 
wrap, it can be inferred that the same magnitude of 
lateral strain and confining stress will be achieved 
at a higher axial strain and hence a better ductility 
and ultimate deformability.
From the above discussion, it is evident that the 
axial-lateral strain behaviour of confined concrete 
containing silica fume is different from that with-
out silica fume. However, almost all the available 
lateral-axial strain models of confined concrete are 
dependent on concrete strength only, which do not 
take into account the effect of various ingredient 
such as silica fume. Under such a circumstance, 
the lateral strain at a certain axial strain will be 
overestimated and hence the confining stress and 
axial capacity. At ultimate which is defined as the 
rupture of the confining material, the respective 
axial strain in silica fume concrete will be under-
estimated and hence the deformability at failure. It 
should be noted that the underestimation of col-
umn deformability could lead to underestimation 
of the second-order effect and is dangerous.
When confined concrete is subjected to axial 
compressive stress, the concrete shortens and 
dilates. Initially during the elastic stage, the lateral 
and axial strains can be predicted quite reasonably 
using linearly elastic behaviour because concrete is 
1 INTRODUCTION
Silica fume is an ultra-fine pozzolanic material that 
has particle size distribution almost 1/100 of that of 
cement. Moreover, silica fume is spherical. Because 
of these two reasons, silica fume can easily fill into 
the interstitial void between the angular cement 
particles and other fine powders to increase the 
wet packing density of concrete or paste (Kwan & 
Wong 2008). The enhanced packing structure has 
three important features: (1) Improved flow ability 
of concrete; (2) Improved strength of concrete; (3) 
Increased ductility by demoting the propagation 
of cracks in concrete. Since the packing density of 
the concrete or paste can be effectively improved 
by adding silica fume due to filling effect, the void 
ratio (defined as volume of void by volume of 
solid) reduces. For a given Water-to-Solid (W/S) 
ratio, more excess water (i.e. water not trapped 
within the interstitial void) can be used to coat 
the surface of the solid particles. The excess water 
coating of particles is defined as the Water Film 
Thickness (Wong & Kwan 2008), which lubricates 
the concrete or paste by decreasing the friction 
between particles during flow. Accordingly, the 
flow ability of concrete increases as silica fume is 
added to free up more excess water at a given W/S 
ratio. The improved packing density of concrete 
also strengthens the integrity of the microstructure 
of concrete, and hence more extensive load paths 
are available to transfer the stress from one end of 
the concrete to another.
Silica fume has two major mechanisms on the 
effect of crack formation and propagation. On one 
hand, the more densely packed solid particles in 
concrete or paste demotes the formation of the 
concrete cracks by the increased elastic or secant 
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still crack-free. However, at a certain axial strain, 
the variation of lateral and axial strains will show 
an abrupt change and become nonlinear. This is 
because splitting cracks in concrete start to occur 
and the development of lateral strain is more rapid. 
At this stage, the lateral strain cannot be predicted 
by linearly elastic behaviour and becomes depend-
ent on the axial strain beyond which the splitting 
crack occurs, the confining pressure and the con-
crete strength. Since after the splitting crack the 
lateral strain depends on the confining stress, and 
the confining stress depends on the lateral strain, 
both of them should be evaluated simultaneously 
(Dong et al. 2015). In this study, a model describ-
ing the lateral-axial strain relationship in confined 
concrete containing silica fume is presented. The 
model comprises two parts: (1) The prediction of 
axial strain at the onset of splitting cracks; (2) The 
inelastic model for predicting the development of 
lateral strain after the onset of splitting cracks. By 
comparing this model with the current lateral-axial 
strain model of confined concrete without silica 
fume, it is apparent that the addition of silica fume 
will prolong the crack-free stage of concrete, delay 
the initiation of splitting crack and slow down the 
development of inelastic lateral strain.
2 EXISTING LATERAL-AXIAL STRAIN 
MODELS OF CONFINED CONCRETE
2.1 No concrete splitting crack considered
Most of the existing models on lateral-axial strain 
proposed for confined concrete are without the 
consideration of the onset of splitting cracks and 
did not separate the elastic and inelastic develop-
ment of lateral strain (Marques et al. 2004, Mirmi-
ran & Shahawy 1997, Teng 2007, Xiao 2010, Xiao 
2000). Hence there are differences between the 
predicted and measured lateral strains, particularly 
when splitting cracks have formed. Since the con-
fining stress provided by the confinement depends 
on the lateral strain developed and is normally 
after the splitting cracks have occurred, the neglect 
of the splitting crack formation can lead to signifi-
cant errors in the predicted confining stress.
2.2 Concrete splitting crack considered
A new constitutive model for predicting the lat-
eral strain of confined concrete was proposed by 
Dong et al. (2015) incorporating the effect of split-
ting crack. In their paper, Eq (1) was proposed for 
predicting the axial strain of confined concrete of 
strength from 20 to 120 MPa at the onset of split-
ting cracks. Moreover, it was suggested that the 
development of lateral strain after splitting cracks 
have occurred should be considered separately from 
that before splitting cracks form. Before any split-
ting cracks where the confining stress is still low, 
the lateral strain depends on the elastic properties 
of concrete such as elastic modulus, Poisson’s ratio 
and axial strain. However, after splitting cracks 
have occurred where the confining stress starts to 
increase much more rapidly, the lateral strain does 
not depend on the elastic properties but more on 
the axial strain after splitting cracks, confining 
stress and concrete strength. Therefore, Eq (2) was 
proposed to correlate the inelastic development 
of lateral strain in confined concrete to the above 
parameters. Since the model does not require the 
input of mechanical properties of confining mate-
rial, the constitutive model can be adopted to 
predict the lateral strain development in confined 
concrete with any type of confining material, e.g. 
steel or FRP. However, the constitutive model was 
developed based on the confined concrete made 
without silica fume. Therefore, the ability to post-
pone the onset of splitting crack and retard the 
inelastic development of lateral strain could not be 
demonstrated. The proposed εp will then need to 
be modified for incorporating the effect of silica 
fume, which will be addressed in this paper.
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2.3 Effects of adding silica fume
To investigate the effects of adding silica fume in 
concrete on the development of confined lateral 
strain, test results on confined concrete columns 
obtained by other researchers with silica fume 
added (Xiao 2010) have been superimposed to 
those obtained with silica fume added to the con-
crete. Figure 1 shows a graph plotting the normal-
ized axial stress against the confinement ratio. In 
Figure 1, the results obtained for concrete with 
silica fume added have been circled. The curve 
represents the best-fitting model for all data points 
shown, i.e. with and without silica fume. It can be 
seen from the figure that although the equation fits 
well for all results, the data points for concrete col-
umns containing silica fume consistently fall above 
the best-fit model. It then implies that at the same 
confining stress (i.e. lateral strain), a larger axial 
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stress can be developed. One possible explanations 
for this is that the onset of splitting cracks has been 
delayed and thus a larger axial stress is needed to 
achieve the same confining stress or lateral strain.
Alternatively, Figure 2 plots the variation of axial 
strain at peak stress against the confining stress. It 
can be seen that the data points for concrete col-
umns containing silica fume all lie below the best-
fit curve, which indicate that at the same confining 
stress, the ratio of axial strain at confined to uncon-
fined concrete peak axial stress is smaller for con-
crete column containing silica fume. The reason for 
this is because silica fume delays the formation of 
splitting cracks in unconfined concrete and lead to 
a larger value of εco and hence a smaller value of ε*cc/
εco. By and large, Figures 1 and 2 illustrate that by 
adding silica fume in concrete, the development of 
lateral strain can be significantly delayed, in both 
confined and unconfined concrete, which is due to 
the delayed onset of splitting cracks.
3 MODIFIED LATERAL-AXIAL STRAIN 
MODEL FOR CONCRETE CONTAINING 
SILICA FUME
3.1 Existing model
The existing model proposed by Dong et al. (2015) 
was selected in this study to incorporate further the 
crack postponement effect due to silica fume. The 
reason of adopting Dong et al.’s model is simply 
because their model includes explicit descriptions 
of the onset of splitting cracks in confined con-
crete and the development of the inelastic lateral 
strain in the post-crack stage. In this study, a set of 
available test results from the literature obtained 
by other researchers on the lateral-axial strain 
variations of confined concrete containing silica 
fume have been used to investigate quantitatively 
the delay in the formation of splitting crack and 
the development of lateral strain in the post-crack 
stage. Eq (1) and (2) will then be modified to incor-
porate the beneficial effect of adding silica fume in 
confined concrete for postponing the crack forma-
tion. The addition of silica fume is believed not to 
cause any significant changes to the linearly elastic 
behaviour of confined concrete before the onset 
of splitting cracks. Hence the prediction of elastic 
lateral strain by linear response before the onset of 
splitting cracks will still be applicable to confined 
concrete containing silica fume.
3.2 Onset of splitting cracks
Figure 3 shows two typical lateral-axial strain 
curves of a confined concrete with and without 
silica fume (Lim & Ozbakkaloglu 2014). It can be 
seen from the figure that: (1) The axial strain at 
the onset of splitting cracks is larger in confined Figure 1. Peak axial stress of concrete containing silica 
fume experimental data against Xiao et al. (2010) model.
Figure 2. Axial strain at peak axial stress of concrete 
containing silica fume experimental data against Xiao 
et al. (2010) model.
Figure 3. Lateral-axial strain of concrete with and 
without silica fume.
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concrete containing silica fume; (2) The rate of lat-
eral strain development at the post-crack stage of 
confined concrete with silica fume is more gradual 
than that without silica fume, while that before the 
onset of splitting cracks are similar in both con-
cretes. As explained before, silica fume is an ultra-
fine materials whose size can be down to 0.1 μm. 
Thus, it is capable of filling into the void between 
larger powders to increase the packing density 
of the paste/mortar. With the improved packing 
structure, the fine particles are closer to each other 
and provide stronger physical barrier for the ini-
tiation and propagation of cracks. Therefore, it is 
reasonable to see that the onset and development 
of splitting cracks in silica fume concrete have 
been delayed. To evaluate quantitatively the effect 
of silica fume on delaying the onset of splitting 
cracks, the measured axial strain εzo at the onset of 
splitting crack in silica fume concrete measured by 
other researchers have been plotted against Eq (1) 
(i.e. without silica fume) in Figure 4. It is evident 
in Figure 4 that the measured value of εzo consist-
ently lie above Eq (1), which indicates that silica 
fume is capable of pushing back the occurrence of 
splitting cracks. Using the available test results, it is 
found that the underestimation of εzo as predicted 
by Eq (1) can be as high as 62% with an average 
value of 28% when concrete contains silica fume. 
To incorporate such a significant difference, Eq (2) 
can be slightly modified to predict εzo in concrete 
containing silica fume. Using regression analysis, it 
is proposed that a simple corrective constant of 1.3 
can be added into Eq (2) to produce a reasonably 
good fitting to the measured results.
3.3 Inelastic lateral strains at post-crack stage
During the post-crack stage after the splitting 
cracks have formed, the lateral strain increases 
rapidly and activates large confining stress. At this 
stage, the development of lateral strain will not be 
governed by the elastic properties of the concrete 
(e.g. Elastic modulus and Poisson’s ratio) but 
rather by the inelastic deformation in the columns. 
There are several factors that the inelastic lateral 
strain in confined concrete (i.e. lateral strain after 
splitting cracks occurred) is dependent on. The 
first factor is the axial strain in excess of εzo, which 
is expressed as (εz−εzo) where εz is the axial strain. It 
is believed that the extent of inelastic lateral strain 
will increase as (εz−εzo) increases. As the inelastic 
damage usually increases more rapidly than the 
axial strain because of the reduction in the secant 
stiffness, it is anticipated that the relationship in 
nonlinear. Thus the following power-law relation 
is proposed:
a( )ε εz z  (3)
By fitting the measured inelastic lateral strains 
obtained by other researchers, it is determined that 
a = 1.1. Comparing with the value of a = 1.5 pro-
posed by Dong et al. (2015), it is evident that the 
addition of silica fume can retard effectively the 
development of inelastic lateral strain under con-
fined condition.
The second factor is the confining stress. Dur-
ing the post-crack stage, the confining pressure 
depends on the lateral strain and vice versa. At a 
given inelastic axial strain (εz–εzo), the lateral strain 
will be smaller when the confining stress increases. 
The following equation was proposed by Dong 
et al. (2015) for relating the lateral strain to confin-
ing stress.
( )b b1 ⎡ ⎤
d( )σ σ⎢ ⎥⎛ ⎞0exp c⎛ ⎞r r 'f⎢ ⎥⎟⎜ ⎜ ⎟⎣ ⎦⎝ ⎠⎝ ⎠co
 (4)
By fitting the measured inelastic lateral strains 
obtained by other researchers, it is determined that 
b = 0.1, c = 5.4 and d = 1.0. Again, by comparing 
these values with the respective values proposed 
by Dong et al., it is evident that the addition of 
silica fume can retard effectively the development 
of inelastic lateral strain.
The last factor is the concrete strength. With silica 
fume added, the packing density of the micro-
structure increases and strength improves. From 
the results obtained by Dong et al. (2015), the 
variation of lateral strain for different concrete 
strength is not sensitive to the concrete strength 
and hence a constant of 19 was adopted. By fit-
ting the measured inelastic lateral strain obtained 
by other researchers, it is determined that the con-
stant reduces to 12.
Combining the above results, Eq (5) was proposed 
to evaluate the inelastic lateral strain of confined 
concrete containing silica fume.
Figure 4. Predicted axial strain versus measured axial 
strain during splitting crack.
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3.4 Comparison with confined concrete without 
silica fume
To illustrate the difference in the evaluation of lat-
eral strain in confined concrete with and without 
silica fume, a particular confined concrete column 
specimen has been selected to generate their lateral 
strain against axial strain variation as shown in 
Figure 5.
From the figure, it is observed that during the 
pre-crack stage, both Dong et al.’s and authors’ 
proposed model are consistent with each other, 
which match with the test results as well. However, 
after the onset of splitting cracks, Dong et al.’s 
model predicts a more rapid increase in the lateral 
strain at the same axial strain, while the prediction 
by the authors’ proposed equation is closer to the 
test results. The comparison indicates that the pro-
posed equation is more suitable to predict the full 
range lateral strain development in confined con-
crete containing silica fume.
4 CONCLUSIONS
Silica fume is an ultra-fine material capable of fill-
ing up effectively the interstitial voids between fine 
particles including cement and other powders in 
concrete. It thus improves the packing structure of 
the paste in concrete, which has a stronger resist-
ance against crack formation by the larger elastic 
and secant stiffness. It can also stop effectively the 
crack propagation because the closely packed par-
ticles provide stronger physical barrier to interrupt 
any possible crack development.
In this study, the effects of adding silica fume 
to demote the onset of splitting cracks and retard 
the development of inelastic lateral stain are stud-
ied. The model proposed by Dong et al. (2015) 
were modified to incorporate the effect of silica 
fume. Two equations, modified from Dong et al.’s 
model, were proposed to assess the value of εzo and 
the inelastic lateral strain at post-crack stage. It is 
seen that the addition of silica fume can delay the 
axial strain at the onset of splitting crack εzo by 
about 28% on average. Furthermore, at the same 
axial strain, the inelastic lateral strain at the post-
crack stage and hence the overall lateral strain of 
confined concrete is smaller in concrete containing 
silica fume. Such observation would indicate that 
for a given limit of rupture strain of the confin-
ing material, the addition of silica fume in concrete 
can increase the axial strain at failure of confine-
ment, which means larger deformability and duc-
tility of columns.
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σr confining stress acting on the concrete
σr0 confining stress at formation of splitting cracks
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